A high-efficiency video coding method using matching pursuits, which is a waveform coding technique, has recently been proposed. In this method, the motion compensated prediction error image is encoded by applying matching pursuits. In the present paper, we propose a matching pursuits coding method that encodes the sub-band images derived from motion compensated prediction error images. The complexity of the proposed method is reduced compared to the full-band matching pursuits because of lighter inner product computation due to reduction of both the resolution of the sub-band image and the basis function length of the dictionary. We evaluated the coding performance and computational complexity of the proposed method via computer simulations.
INTRODUCTION
Current standard video coding methods are based on a hybrid system of motion compensation (MC) and discrete cosine transform (DCT). In these methods, a prediction error image is generated by MC, and the prediction error image is encoded by DCT. Recently, another high-efficiency video coding method using a waveform coding technique called matching pursuits (MP) in place of DCT has been suggested[1]- [6] .
The matching pursuits algorithm approximates a signal using a dictionary, and therefore its performance depends heavily on the dictionary. More specifically, a dictonary that is well-matched to the image characteristic is capable of improving the coding performance.
In the present paper, we propose a video coding method in which a motion compensated prediction error image is decomposed into sub-bands and each sub-band image is encoded by matching pursuits. A dictionary that has a suitable sub-band frequency characteristic is constructed, and the subsampled and half-size reduced images are encoded by these dictionaries. Hence, the complexity of the proposed method is reduced compared to the full-band matching pursuits because of lighter inner product computation due to reduction of both the resolution of the sub-band image and the basis function length of the dictionary. We attempt to improve the coding performance and computational complexity of matching pursuits for video coding.
MATCHING PURSUITS

Basic Principle
Matching pursuits (MP) reconstructs a signalf (t) (an approximated version of f (t)) using a linear combination of basis function g γ (t) included in overcomplete dictionary D, as follows:f
where τ k , γ k and p k are parameters of the basis function and denote its position, type and scale, respectively. A waveform obtained from the basis function and this parameter set is referred to as an atom. In matching pursuits, atoms are selected by orthogonally projecting the signal f (t) on basis function g γ (t) sequentially. First, the signal f (t) is projected on the basis function g γ1 (t− τ 1 ), and the signal f (t) is denoted
Here, p 1 is the inner product of f (t) and the basis function g γ1 (t − τ 1 ). Rf (t) is a residual signal that is orthogonal to g γ1 (t − τ 1 ) and is projected on the basis function g γ2 (t − τ 2 ).
If the norm of basis function g γ (t) is normalized to unit, then the following equation can be obtained: Namely, we can obtain the required parameters by maximizing the absolute value of the inner product, and the atom that minimizes the residual signal energy ∆e = ||f (t)|| 2 − p 2 1 is obtained. Since the residual signal Rf (t) is also expanded
the signal f (t) expanded by m atoms is denoted as follows:
Therefore, signal f (t) can be approximately reconstructed by m atoms.
Matching Pursuits Dictionary
The basis function of matching pursuits is constructed from the Gabor function shown in Eq. 7, and the two-dimensional separable dictionary is given as a Cartesian product of onedimensional Gabor functions, as shown in Eq. 8:
⊗ : Cartesian product where g(·) denotes a Gaussian window, K γ denotes the normalization factor and N denotes the basis function length. These equations indicate that the Gabor function is decided by γ = (s, ξ, φ). Here, α and β denote parameter sets of horizontal and vertical components, respectively. In the present study, the parameter N b is fixed to 16. Table 1 shows the parameter sets, and Fig. 1 shows the dictionary given by Eqs. 7 and 8 [2] [4] [5] . We herein refer to this dictionary as the basic dictionary. A two-dimensional separable dictionary is often used in matching pursuits because of the ease with which its inner product can be computed.
VIDEO CODING USING SUB-BAND MATCHING PURSUITS
A video coding system using sub-band matching pursuits is presented in Fig. 2 . In this system, the motion compensated prediction error image is decomposed into four sub-bands, and matching pursuits is applied to each sub-band. The dictionary used for each sub-band is suitably constructed for the frequency characteristic of each sub-band.
Dictionary for Sub-band Matching Pursuits
The dictionary for each sub-band is generated from the basic dictionary in Fig. 1 . The basis function length for a sub-band image is half of that for the corresponding original image, because sub-band images are sub-sampled along both the horizontal and vertical directions. However, in the present paper, the basis function length remains odd. The parameter s is the scaling factor of the Gaussian window in Eq. 7, which is defined as follows:
As a result, the parameter s is reduced to half of the original value for the purpose of matching the size of the decimated Gaussian window. In contrast, the other parameters, ξ and φ, are used at their full-band values. In addition, N b is set to 8 in order to maintain the spatial frequency resolution. Table 2 shows the parameter sets for the low-and highfrequency sub-bands. These parameters were obtained experimentally for each sub-band based on the adaptation probability of atoms.
Decomposed sub-images have different frequency characteristics, for example, the LH band includes the horizontal edge component and the HL band includes the vertical edge component. We generate the sub-band dictionaries by Eq. 10 using the parameters of Table 2 .
SIMULATION AND RESULTS
The sub-band matching pursuits video coding method was examined by computer simulation. The "akiyo", "carphone", "foreman" and "mother and daughter" (mother) sequences (QCIF, 10 fps, 50 frames, grayscale) were used as test sequences. An eight-tap Quadrature Mirror Filter (QMF) was used to decompose images into four sub-bands. Simulations were carried out on a Pentium IV 2.2 GHz PC. We first verified the effectiveness of the dictionary for sub-band images in matching pursuits. Figure 3 shows the decrease in signal energy for each subband prediction error image with the progress of matching pursuits at the 24th frame of the "carphone" sequence, where signal energy is defined as the squared sum of the signal over the sub-band image. The band including the low-frequency components has higher energy, which decreases rapidly with coding. Table 3 shows the ratios of atoms assigned to each subband. This table indicates that more than half of the atoms are assigned to the LL band and the atom ratio for high-frequency bands increases with the number of atoms. Moreover, more atoms are assigned to the LL band for images that include large motion, because a major part of the signal energy is concentrated on low-frequency bands for large-motion images. The atom assignment for sub-bands is well controlled.
Next, We compared the proposed sub-band matching pursuits with the existing full-band matching pursuits.
The searching process by the inner product of an approximated signal block and the applied atom requires large computation costs in matching pursuits. An approximated signal block generally exists in high-energy areas, because the decrease in the energy of the residual signal is maximized. Therefore, in matching pursuits, a block with the predetermined size (16×16 pixels) having the maximum signal energy is found over the full-band image in advance, and the approximated signal block is searched around this block with the predetermined size for the purpose of reduction of the computational complexity. In the proposed method, the approximated signal block is searched around the block with the predetermined size that has the maximum signal energy over all sub-band images. Table 4 shows the average number of searching positions and calculated pixels for each atom in the searching process by inner product. The PSNR values listed in the table are average values for each sequence. The number of atoms was set to 200, and 50 frames were processed for both methods.
The PSNRs of the proposed sub-band matching pursuits are slightly superior to the current matching pursuits, indicat- ing that the proposed method can utilize suitable dictionaries for each sub-band frequency characteristic. This table indicates that the average number of searching positions is approximately the same as that of the full-band matching pursuits, but the number of calculated pixels is decreased in the sub-band matching pursuits. Table 5 shows the processing time of the current matching pursuits and the proposed sub-band matching pursuits. From this table, the processing time of sub-band matching pursuits is 25∼30% shorter than that of the current method. Figure 4 shows the coding performance of the sub-band matching pursuits, the full-band matching pursuits and H.263 [7] . This figure indicates that the proposed method attained better performance than H.263 in all sequences at lower bit rates and, in some sequences, at higher bit rates.
CONCLUSION
We proposed a video coding method in which a motion compensated prediction error image is decomposed into four subbands and each sub-band image is encoded by matching pursuits. The simulation results showed that the proposed method improves both the coding performance and computational complexity for video coding.
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